Plain English summary {#Sec1}
=====================

Cells isolated from embryonic female mice, even before the embryos have sexually differentiated, are more sensitive to ethyl alcohol (ethanol) than are cells from male mice. We have traced this difference to differing amounts of methylation, particularly in genes responsible for detoxification of such chemicals. Here we demonstrate that female mice use a subsidiary pathway to detoxify ethanol, producing more reactive oxidizing substances, while males have more reducing substances to counteract the oxidation. Interfering with either the production of reactive oxygen or with the differential methylation of the detoxifying genes eliminates the sex dimorphism. We conclude that alcohol produces toxic reactive oxidizing molecules, more so in females, because of differences in the regulation of detoxifying enzymes.

Background {#Sec2}
==========

Cells derived from different sex embryos but similar organs respond to toxic stimuli in a sex dependent manner \[[@CR1]\], and expression and regulation of select genes including members of the detoxifying cytochrome p450 (CYP) enzyme family, \[[@CR1], [@CR2]\] depends on the sex of cultured cells. These expression differences are partially regulated by DNA methylation \[[@CR2]\].

Cytochrome P450 proteins, named for the absorption at 450 nm when binding carbon monoxide represent a very large superfamily, found in the genomes of virtually all organisms. The enzymes use electrons from NAD(P) H to catalyze activation of molecular oxygen, leading to region-specific and stereospecific oxidative attack of many substrates \[[@CR3]\]. In eukaryotes, they are usually bound to the endoplasmic reticulum or inner mitochondrial membranes. The electron carrier proteins used for conveying reducing equivalents from NAD(P) H differ with subcellular localization \[[@CR3]\]. CYPs are expressed in a sex specific manner in pigs and minipigs \[[@CR4]\], and there are sex differences in the circadian variation of hepatic cytochrome P450 genes and corresponding nuclear receptors in mouse liver \[[@CR5]\]. Sex-specific changes in certain cytochrome P450 proteins exist in response to insulin-dependent diabetes reflect sex-specific differences in growth hormone and triglyceride levels in the diabetic animals \[[@CR6]\]. The inheritance mode of Quantitative Trait Loci (QTL), for which Cyp19a1 is a candidate gene, on chromosome 9 is sex specific \[[@CR7]\]. Women show greater hepatic CYP3A activity than men \[[@CR8]\]. Cyp1a1, Cyp2e1, and Cyp7b1 are dimorphically expressed and regulated in isolated cell cultures \[[@CR1]\]. CYP1A2, CYP2A19, CYP3A22, CYP4V2, CYP2C36, CYP2E_1, and CYP2E_2 show significant sex differences in protein abundance \[[@CR9]\]. Drug-Drug Interactions involving CYP3A4 substrates could potentially show sex dimorphism \[[@CR10]\]. Tamargo et al. \[[@CR11]\] have reported gender differences in the pharmacokinetics and pharmacodynamics of cardiovascular drugs for drug metabolizing enzymes and transporters. They described, among many metabolic differences, that CYP2B6 and CYP3A4 are more active in females, while CYP1A2 and CYP2E1 were more active in males. This dimorphism possibly affects manifestation of disease. We chose to explore the possibility by exploring Cytochrome P450 2E1 (Cyp2e1), which plays a role in ethanol-induced oxidant stress and is a minor but resolvable pathway of ethanol oxidation.

Alcohol is metabolized by two pathways in humans: the ADH (canonical) (Fig. [1](#Fig1){ref-type="fig"}A.ii) pathway accounts for the bulk of the metabolism, and the MEOS (Microsomal Ethanol Oxidizing System) (non-canonical) (Fig. [1](#Fig1){ref-type="fig"}a.iii) pathway which, at toxic alcohol levels, contributes to the increased rate of ethanol metabolism \[[@CR12]--[@CR14]\]. There are also individual differences in ADH isoenzymes \[[@CR12], [@CR15], [@CR16]\]. Women have a higher likelihood of developing liver cirrhosis than men \[[@CR17]\]. Female Pregane X receptor-Humanized mice (hPXR) have higher basal alcohol dehydrogenase 1 and aldehyde dehydrogenase 2 allowing female hPXR mice to eliminate blood EtOH more rapidly than their male counterparts \[[@CR18]\]. Fig. 1Cell viability after ethanol exposure is sex dimorphic in ED10.5 and this dimorphism is eliminated by inhibition of ALDH. (**a**) This cellular representation of alcohol metabolism shows the canonical alcohol metabolism pathway: ethanol enters the cell by diffusion and is metabolized by alcohol dehydrogenase in the cytoplasm to acetaldehyde. Aldehyde dehydrogenase (ALDH) further metabolizes the acetaldehyde to acetate, which is later used by the cell. The non-canonical alcohol metabolism pathway is similar to the canonical pathway, but the initial metabolic step is performed by Cyp2e1 on microsomes and results in generation of reactive oxygen species (ROS). Alcohol dehydrogenase (ADH) is the major enzyme pathway for oxidizing ethanol to acetaldehyde. (**b**) Cell death measured by trypan blue exclusion. In this and other figures, blue bars represent male cells and red bars, female cells. Cells from ED10.5 whole embryo in culture were exposed to 400 μM ethanol for 24 h. Data represent percentage total cell death for all conditions. These experiments were done in triplicate. Higher female cell sensitivity to ethanol is seen in cells. Asterisks (\*) indicate *p* \< 0.05 between male and female. The error bars represent S.D. (**c**) Measure of mitochondrial membrane integrity by WST-1 after exposure to 400 μM EtOH. Cells were seeded and incubated in 96-well dishes for the final hour of a 24-h exposure to EtOH with the Wst-1 compound and read at 450 nm with background subtracted at 690 nm. Male cells have higher WST-1 activity in the presence of EtOH for ED10.5 whole embryo cells. These experiments were done in triplicate, with asterisks (\*) representing *p* \< 0.05. (**d**) Confirmation of the WST-1 assay with MTT assay. Cell mitochondrial integrity after exposure to 400 μM EtOH for 24 h. Cells were supplemented with MTT stock for 2 h, and then the dye was solubilized and supernatants were read at 540 nm. Female cells are more sensitive than male cells to EtOH. These experiments were done in triplicate, with asterisks (\*) representing *p* \< 0.05. (E) Cell death measured by trypan blue exclusion. Cultured cells exposed to 400 μM ethanol, DSF or a combination. Higher female cell sensitivity to ethanol is seen in cells from ED10.5 whole embryo, but not in cells co-treated with DSF. Data represent percentage total cell death for each condition. These experiments were done in triplicate. Asterisks (\*) represent *P* \< 0.05

Cyp2e1 metabolizes several small, hydrophobic substrates and drugs \[[@CR13], [@CR14]\] such as ethanol. EtOH induces Cyp2e1 in human neuroblastoma SH-SY5Y cells \[[@CR19]\]. Toxicity of these compounds is enhanced after induction of Cyp2e1, e.g., by ethanol treatment, and toxicity is reduced by inhibitors of Cyp2e1 or knockout of the gene in mice \[[@CR13], [@CR14]\]. Cyp2e1 is a minor pathway of ethanol oxidation as it catalyzes the two-electron oxidation of ethanol to acetaldehyde \[[@CR20]\]; it theoretically can also oxidize acetaldehyde to acetate \[[@CR13], [@CR14]\]. Cyp2e1 generates O~2~·^−^and H~2~O~2~ during its catalytic cycle \[[@CR21]\]. Because Cyp2e1 can generate ROS and the enzyme is elevated by chronic treatment with ethanol, Cyp2e1 may contribute to ethanol-induced oxidant stress and to ethanol-induced liver injury \[[@CR13], [@CR14]\]. Cyp2e1 inhibitors such as diallyl sulfide \[[@CR22]\], blocked the lipid peroxidation and ameliorated the pathologic changes in ethanol-fed rats \[[@CR13], [@CR23]\].

Ethanol increases CYP2E1, largely by a posttranscriptional mechanism involving enzyme stabilization against degradation \[[@CR14], [@CR24]\]. Cyp2e1 induction by ethanol is regulated by p38 and ERK1/2 pathways in neurons. Patients with Parkinson's Disease have more methylated CYP2E1 gene in their brain tissue compared to healthy brains \[[@CR19]\]. We have previously shown that ethanol differentially induces the expression of Cyp2e1 between male and female cells; and that this difference in expression can be altered by DNA methylation \[[@CR2]\]. Moreover, gene array analysis of sex dimorphic genes identified Dnm3tl as dimorphically expressed, further corroborating the potential role of DNA methylation in the regulation of sex dimorphic genes \[[@CR1]\].

This evidence suggests that the linkage between Cyp2e1-derived oxidative stress, mitochondrial injury, and GSH homeostasis contributes to the toxic actions of ethanol, and that this mechanism is sex dimorphic. We explored this possibility by exploring the extent to which cells derived from mouse embryos taken before sex differentiation differed in response to EtOH, the amounts of Cyp enzymes present, the amounts of ROS generated by stress, and the extent to which blockage of methylation could eliminate the sex differences.

Methods {#Sec3}
=======

Mice and cells {#Sec4}
--------------

CFW Swiss Webster from the Charles River Carworth Colony were purchased and maintained in our animal facility at Queens College. Male and female age matched (4--9 month) Swiss Webster mice were placed together overnight; the females were checked for vaginal plugs and separated setting the gestational time at day 0.5. They were maintained separately until the desired gestational time was reached.

At embryonic day 10.5, pregnant females were sacrificed by CO~2~ and cervical dislocation. Embryos were removed from the mother and placed in chilled sterile 1X PBS (Phosphate Buffered Saline). Each embryo was removed from its embryonic sac and placed in chilled Dulbecco's Modified Eagle Medium (DMEM). The tissues were triturated by pipetting the tissue until it was completely dissociated. Suspended cells were collected by centrifugation at 3000 rpm and resuspended in media containing DMEM supplemented with 10% Fetal Bovine Serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin, and divided into several tissue culture plates and incubated at 37^o^ C in a humidified atmosphere with 5% CO~2~. Cells were grown for approximately 4 days or to 70% confluence before re-plating them. Medium was changed every 3 days. The cells were washed in PBS before feeding with fresh culture medium. At 70% confluency the culture dishes were trypsinized and cells were counted and plated at 500,000 cells/ 10 mm^2^. For sexing day 10.5 embryos, which do not yet have visible gonads, we used PCR. A small piece of tail was placed in a sterile PCR tube. DNA was isolated by digestion with 2 μl proteinase K (10 mg/ml) and 50 μl PCR-D buffer and incubating overnight at 65^o^ C. The enzyme was denatured at 95 °C for 10 min and 1 μl was transferred into a PCR tube, to which was added 21 μl dH~2~O, 25μlPCR Master Mix (Sigma), 2 μl MgCl~2~ (20 mM), 1 μl Primer Mix (25 pmol/μl of Zfy and Zfxya, 12.5 pmol/μl of Zfx primers). Primers for Zfy were 5′-CTCCTGATGGACAAACTTTACGTCTC and 3′-GCTGAGCCTCTTTGGTATCTGAGAAA; primers for Zfxya were 5′-GAGAGCATGGAGGGCCATG and 3′-GAGTACAGGTGTGCAGCTC;Zfx primers were 5′-CTCTGAAGAAGAGACAAGTT and 3′-CTGTGTAGGATCTTCAATC. PCR was run for 40 total cycles (1 Cycle = 94 °C for 45′, 60 °C for 25′, 72 °C for 1″) in the Eppendorf 2200 thermal cycler. The results were visualized on a 12% native polyacrylamide gel in Tris Buffer with EDTA TBE buffer using positive controls (pre-amplified male and female samples) and viewed by UV illumination. Male samples showed 2 bands, a 124 bp band for Zfy gene and a 134 bp band for gene Zfx and females showed a single band at 134 bp for Zfx gene \[[@CR24]\]. Each embryo was used as an *N* = 1 in blind experiments, without knowing the sex of the embryo. Cells of each embryo were propagated and seeded at 5 × 10^5^/mL and exposed to ethanol. When the sexes of the blind cultures were determined, the results of each sample were pooled for statistical determination.

Dulbecco's Modified Eagle medium (DMEM) (catalog no. 12800--017; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (catalog no. LSFB-0500; Equitech-Bio), 1.5 g/liter sodium bicarbonate (Sigma-Aldrich, St. Louis, MO), and 50 U/mL penicillin plus 50 mg/mL streptomycin (PenStrep, catalog no. 15140--122; Gibco) and incubated at 37 °C under a humidified 5% CO~2~ atmosphere.

Cells were passaged upon reaching 70--80% confluence (4 days after dissection for ED10.5) by aspirating old media, washing twice with 1X Phosphate-Buffered Saline (PBS) and applying 2.5% Trypsin/EDTA solution. Cells were incubated with trypsin/EDTA solution at 37 °C until they began to detach from the bottom of the culture dish. Warmed DMEM was added to neutralize trypsin activity and cells were collected and centrifuged for 5 min at 1000 x g. Following centrifugation, the supernatant was aspirated and the cell pellet was resuspended in warmed DMEM. The ED10.5 whole embryo cultures represented mouse embryonic fibroblast, typically 95% of cells in culture tested positive for fibroblast surface protein (data not shown). Since these were primary cell cultures, cells were subseeded only once, to ensure comparable sample sizes.

Twenty-four hours before treatment, cells were counted and plated at 100,000 cells/mL for treatment in pre-culture medium (5% FBS, 1%PS) to synchronize the cells. To assess cell response, cell cultures were exposed to different cell death inducers as follows: Ethanol (EtOH): 200 Proof Ethanol (Catalog\# 111HPLC20S, Pharmco-AAPER, Brookfield, CT) was diluted in pre-culture medium to the desired final concentrations. The LD~50~ for ethanol was identified as 50--400 mM for all mixed cell cultures as read at 24 h.

5-Aza-2′-deoxycytidine (5-Aza-dC): (Catalog \#A3656, Sigma-Aldrich, Saint Louis, MO) was dissolved in DMSO to a stock concentration of 20 mM and further diluted in pre-culture medium to 20 mM. Medium was replenished every 3 days with 5-Aza-dC supplement. ED10.5 cells, 5 × 105/ml, were incubated for 5 consecutive passages at 3--4 d each in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin plus 50 μM 5-Aza-2′-dC dissolved in DMSO. Population doubling was calculated as: tD = (t − t0)log2/(log N − log N0), where tD is doubling time, t and t0 are the times at which the cells were counted, and N and N0 are the cell numbers at times t and t0, Medium was replenished every 3 d. At 24 h after the fifth passage, cells were suspended and assessed for DNA methylation. Cells were maintained in this culture medium for 5 population doublings.

5-Aza-dC + EtOH co-treatment: Cells were maintained as described above on 5-Aza-dC for 5 population doublings, then exposed to 400 mM EtOH for 24 h.

Disulfiram (DSF): Tetraethylthiuram disulfide (Catalog \#T1132, Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO to a concentration of 0.1 mM, and then further diluted to its final working concentration of 0.5 mM in pre-culture medium. This treatment occurred 1 h prior to any secondary treatment.

N-Acetyl Cysteine (NAC): (Catalog \#ALX-105-005-G005, Enzo Life Sciences, Farmingdale, NY) was dissolved in ethanol to a concentration of 20 mM and to a final working concentration of 100 mM in pre-culture medium for 1 h before supplementing with an inducer or, treatment occurred 1 h prior to supplementing cells with secondary inducer 400 mM EtOH or 50 mM pyocyanin for a further 2, 4, 12 or 24 h.

Pyocyanin: (Catalog \#ENZ-53001-C001, Enzo Life Sciences, Farmingdale, NY) was dissolved in DMSO to a stock concentration of 50 mM and to a final concentration of 50 mM in pre-culture medium.

### Trypan blue exclusion assay {#Sec5}

Dead and dying cells experience a loss of plasma membrane integrity, allowing vital dyes such as trypan blue to enter the cell \[[@CR25]\]. After treatment, cells were collected at the desired time and centrifuged at 1000 x g for 5 min. The medium was aspirated and the cell pellet was resuspended in warmed 1x PBS. A 100 mL sample of this cell suspension was mixed with an equal volume of 0.4% trypan blue solution (Catalog\# T6146-25G, Sigma-Aldrich, St. Louis, MO) and incubated at room temperature for 3 min. Cells were then counted on a hemocytometer under a light microscope. Each assay was run in triplicate. Data were typically expressed as percent cell death.

Since our results with trypan blue were completely consistent with other assays, such as Live/Dead® and Hoechst 33258 (Hoechst, Frankfurt, Germany) staining (data not shown), we relied primarily on this simple and reliable assay. For each experiment, this number for the experimental sample was normalized by subtracting the basal level of cell death observed in the control (9--20%) for each treatment. Statistical significance of the results was calculated by standard *t* test; values of *P* \< 0.05 were considered significant.

### MTT assay {#Sec6}

MTT (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Catalog\# M2128, Sigma-Aldrich, Saint Louis, MO) is a soluble, bright yellow compound that is reduced to insoluble purple formazan in metabolically active. MTT can also be used to measure changes in mitochondrial activity. To measure the viability of a cell population, 1.5 × 10^6^ cells were seeded into 35 mm tissue culture dishes and allowed to attach overnight at 37 °C in minimum culture medium (MCM). Media centrifuged at 1000 x g for 5 min to collect and pellet any dead, floating cells. These cells were resuspended in a small amount of media and put back into the cell culture plate. One mL of a 1:10 dilution in Maintenance Culture Medium MCM of 5 mg/mL MTT stock was then applied to each plate, which was then incubated at 37 °C for 2 h. One mL of acidic isopropanol (0.04 M HCl in absolute isopropanol) was then added to each plate and mixed thoroughly to solubilize the newly formed formazan. All cells and supernatant were then collected from each plate and centrifuged at 14,000 rpm for 5 min to remove cell debris. The supernatant from each sample was then transferred into a plastic spectrophotometer cuvette and the absorbance of the converted dye was measured at 540 nm. A decrease in absorbance indicates a decrease in mitochondrial activity and/or death \[[@CR26]\].

WST-1 (Water Soluble Tetrazolium salts) (Catalog\# 630118, Clontech, Mountain View, CA) is cell-impermeable dye and is used to measure cellular metabolic activity via NAD(P)H-dependent cellular oxidoreductase enzymes and may, under defined conditions, reflect the number of viable cells present. Treated cells were seeded into 96-well tissue culture dishes (1.5 × 10^6^ cells/well) and allowed to attach overnight at 37 °C in MCM. Cells were then treated before incubation at 37 °C in the appropriate media until the desired time. WST-1 reagent was then added to the medium in dish during the final treatment hour. The dish was then read on a microplate reader at a wavelength of 450 nm with a background subtraction at 690 nm. A decrease in absorbance indicates a decrease in mitochondrial activity and/or death \[[@CR27]\].

### Analysis of gene expression {#Sec7}

Quantitative Real Time Polymerase Chain Reaction (PCR) - Small PCR products (100--200 base-pairs) were amplified in quadruple on a Roche LightCycler 2.0 real-time PCR machine, using universal PCR conditions (65C to 59C touch-down, followed by 40 cycles \[15" at 95C, 10" at 59C and 10" at 72C\]). 500 μg of cDNA was amplified in 20 μL reactions \[0.3X Sybr-green, 3 mM MgCl~2~, 200 μM dNTPs, 200 μM primers, 0.5 unit Platinum Taq DNA polymerase (Roche)\]. Primer-dimers were assessed by amplifying primers without cDNA. Primers were retained if they produced no primer-dimers or only non-specific signal after 40 cycles. Results were calculated as relative intensity compared to female expression. The last cycle was retained as baseline for comparison with "absent" genes. Data were plotted as "CT" (Cycle Threshold) values, in which the CT value represents the cycle at which fluorescence is first detected. By this representation, a lower cycle number indicates a higher initial concentration of mRNA, and each decrease of one cycle indicates a doubling of initial concentration \[[@CR1], [@CR2]\]. The primer sequences were: GenePrimer SequenceProduct SizeCyp2e1FWACGTAAACGGCCACAAGTTC198REVAAGTCGTGCTGCTTCATGTGADH IFWTACACCCAGTCACAATAGGAGAGTG321REVCCATGCATTCATTGTCACACTTGTGGADH IIFWTCTGCATGAAGGTCGAAGTG256REVTTCCCAAAAAGAGCACATCCADH IVFWAGAAACTGGCTTCGGCACTA278REVCAATCCCGAAGTCCTCAAAAADH VIIFWTCTGCATGAAGGTCGAAGTG322REVAGAAACTGGCTTCGGCACTA

Detection of total ROS {#Sec8}
----------------------

Enzo Life Sciences' Total ROS Detection Kit (Catalog \# ENZ-51010, Enzo Life Sciences, Farmingdale, NY) is designed to directly monitor real time production of reactive oxygen and/or nitrogen species (ROS) in live cells using a microplate reader. The kit includes Oxidative Stress Detection Reagent (Green) as the major component. This non-fluorescent, cell-permeable total ROS detection dye reacts directly with a wide range of reactive species, such as hydrogen peroxide, peroxynitrite and hydroxyl radicals, yielding a green fluorescent product indicative of cellular production of different ROS.

Upon staining, the fluorescent product generated can be visualized using a standard green filter (490~Ex~/525~Em~ nm).

The procedure followed vendor's specifications. In short, 1 h prior to cell treatment, the ROS dye is added to the culture dish; cell treatment is superimposed, and then readings are taken at specified times \[[@CR28]\].

Total glutathione assay {#Sec9}
-----------------------

Total Glutathione (GSSG+GSH) levels were measured using the Sigma-Aldrich Glutathione Assay Kit, using manufacturer specifications. Cell pellets were normalized to total cell number including live and dead cells. Pellets were deproteinized with 3 volumes of 5%-Sulfosalicylic Acid solution (SSA), then centrifuged at 600 x g to remove precipitated proteins. Samples were then freeze thawed twice and left at 4 °C for 5 min. Samples were centrifuged at 10,000 x g for 10 min. Supernatant volumes were measured and retained as the original sample volume. Samples were then serially diluted in 5% 5-Sulfosalicylic Acid SSA; sample in SSA represented 10 mL of the working mixture, the rest presented the working mixture 150 mL (Glutathione Reductase (6 units/mL), DTNB (1.5 mg/mL), in Assay buffer (100 mM potassium phosphate buffer, pH 7.0, with 1 nM EDTA)). Reaction started upon adding 50 mL of NADPH (0.16 mg/mL), with a 5 min, room temperature incubation. Readings were performed in a plate reader at 412 nm with readings every minute for 5 min. Absorbance of a blank sample was subtracted as background.

Data was presented as nmoles of GSH per mL of sample \[[@CR29]\].

Statistical analysis {#Sec10}
--------------------

Statistical analysis was by Student T-TEST using Excel. *P* values greater than 0.05 represent no statistical difference between compared samples.

Results {#Sec11}
=======

Cells respond in a sex dependent manner to EtOH induced stress {#Sec12}
--------------------------------------------------------------

Male and female Embryonic Day (ED) 10.5 and 17.5 mouse embryonic fibroblasts (MEF) respond in a sex dependent manner to several toxins such as ethanol (EtOH) and pathogens, collectively known as cell death inducers \[[@CR1], [@CR30]\]. Our laboratory has evaluated cell sensitivity and sex differences in many cell subpopulations. The ED10.5 MEF's are most useful, as these cells have not been influenced by sex hormones produced by the embryos. We have examined cells from other developmental stages, as well as specific tissues including kidney, liver, lung, and neurons have been evaluated and we find similar outcomes. However, ED10.5 cells can undergo multiple passages, which are necessary to evaluate inhibition of DNA methylation. To evaluate the importance of innate sex differences before the appearance of embryonic sex hormones, we focused on cells from male and female ED10.5 whole embryos as described in Material and Methods. Cell viability was measured using the trypan blue exclusion assay to evaluate membrane integrity \[[@CR25]\]. Approximately 10% of these cells die under normal culture conditions, independent of cell sex, allowing comparison of their responses to EtOH.

We exposed cultured ED10.5 whole-embryo cells to 400 μM ethanol over a 24 h period. Female cells are more sensitive to EtOH, resulting in 49% death compared to males at 29% death (Fig. [1](#Fig1){ref-type="fig"}b).

To validate these differences, we used the WST-1 (water soluble tetrazolium) assay, which measures conversion of tetrazolium to formazan in functioning mitochondria \[[@CR27]\]. Cells exposed to EtOH were incubated with the WST-1 mixture for the last hour of the treatment. The samples were then compared for cell viability. At 24 h of EtOH exposure, mitochondrial activity was significantly reduced, though only approximately 10% in males compared to 65% in females, suggesting healthier or more active mitochondria in the male cells (Fig. [1](#Fig1){ref-type="fig"}c). We used the WST-1 assay simply to corroborate our results using trypan blue. Further explorations should include an evaluation of the importance of mitochondrial oxidative phosphorylation.

We further confirmed our results using MTT, which also measures formazan reduction \[[@CR26]\] Using the MTT assay, we found that in comparison to the sex indifferent controls, ethanol lowered formazan reduction in both sexes, but more in cells from females, suggesting that female cells are more sensitive to EtOH when compared to the male counterparts (Fig. [1](#Fig1){ref-type="fig"}d).

The reduction in formazan conversion seen in these experiments is consistent with the cell death results, validating exploration of the pathways of alcohol metabolism.

Inhibition of aldehyde dehydrogenase abolishes sex dimorphic sensitivity to ethanol by increasing male sensitivity to EtOH {#Sec13}
--------------------------------------------------------------------------------------------------------------------------

We inhibited the canonical alcohol metabolic pathway by using Disulfiram (DSF), a known inhibitor of aldehyde dehydrogenase, indirectly blocking ADH activity as well, by generating buildup of acetaldehyde exposing cells to 0.5 μM disulfiram (DSF, as suggested in \[[@CR31]\]); starting 1 h prior to and during the exposure to 400 μM EtOH for 4, 12 and 24 h. DSF alone is not toxic compared to controls (Fig. [1](#Fig1){ref-type="fig"}e). By 24 h of EtOH exposure, significantly more male and female cells die when compared to control, with more female cells dying as before. However, by 24 h, the sex dimorphic sensitivity to EtOH is abolished by DSF (Fig. [1](#Fig1){ref-type="fig"}e). This change results from an increase in the amount of cell death in the males from 30 to 50%. We therefore explored the regulation of other genes in the alcohol metabolism pathway.

Expression and regulation of alcohol dehydrogenases class I-V are sex indifferent {#Sec14}
---------------------------------------------------------------------------------

ED 10.5 whole embryo culture RNA was extracted and prepared for qRT-PCR for members of the ADH family as described. For alcohol dehydrogenases class I-V, we find no significant sex differences in gene expression (Fig. [2](#Fig2){ref-type="fig"}a-e). Class I ADH 1B, Class III ADH 5 and Class V ADH 6 are also unresponsive to EtOH or DSF (Fig. [2](#Fig2){ref-type="fig"}a, c and e). Class II ADH 4 and Class IV ADH 7 are responsive to EtOH exposure, with increased levels of ADH 4 and 7; this increase in expression is not reduced in the presence of DSF, and there are no sex-based differences (Fig. [2](#Fig2){ref-type="fig"}b, d), suggesting that the differences in cell sensitivity are not established by differences in alcohol dehydrogenase. Fig. 2Expression Profiles for Alcohol Dehydrogenase Isoforms are not sex specific. Expression was measured by qRT-PCR using specific primers to evaluate their baseline expression. ED10.5 mixed cells. Samples were normalized at the RNA and cDNA levels for equal cDNA loading. Experiments were done in triplicate. Average CT values are shown. Ordinate is average CT of fluorescence detection for real-time PCR. ED10.5 cells exposed to 400 μM EtOH, DSF, or both for 24 h or. ADH 1B, 5, and 6 are neither responsive to EtOH nor sex dimorphic; ADH 4 and 7 are responsive to EtOH but not sex dimorphic

Expressions of aldehyde dehydrogenases class I-II are sex indifferent {#Sec15}
---------------------------------------------------------------------

Downstream, aldehyde dehydrogenases (ALDH) convert acetaldehyde to acetate and subsequently to acetyl-CoA (Fig. [1](#Fig1){ref-type="fig"}a). ED 10.5 whole embryo culture RNA was extracted and prepared for qRT-PCR. In the case of ALDH 1 and ALDH 2, No differences in transcription are seen for either ALDH 1 or 2: and these isoforms are not induced by EtOH, nor inhibited by (Fig. [3](#Fig3){ref-type="fig"}a-b). Fig. 3Aldehyde dehydrogenase isoforms are neither responsive to EtOH nor sex dimorphic, while Cyp2e1 is sex dimorphic and responsive. Expression in ED 10.5 cells was measured by qRT-PCR using specific primers to evaluate baseline expression. Samples were normalized at the RNA and cDNA levels for equal cDNA loading. Experiments were done in triplicate. Average CT values are shown. Ordinate is average CT of fluorescence detection for real-time PCR. ED10.5 cells exposed to 400 μM EtOH, DSF, or both for 24 h. ALDH 1 and 2 do not differ by sex or respond to EtOH, while female cells contain more Cyp2e1 message. Both male cells and female cells respond to EtOH, with the female cells responding more, increasing the differential. DSF, which inhibits aldehyde dehydrogenase, stimulates production of Cyp2e1 message in both sexes, eliminating the difference between the sexes. Asterisks (\*) represent *P* \< 0.05, standard deviation shown

We previously established that three Cyp450 family members are expressed in a sex specific manner and suggested that these could be important in detoxification \[[@CR1], [@CR2]\]. Because the canonical alcohol metabolic pathway did not present differences, we examined the expression and role of Cyp2e1 in the presence of ethanol.

Gene expression of non-canonical ethanol metabolizing enzymes is sex dimorphic {#Sec16}
------------------------------------------------------------------------------

At toxic alcohol levels, the non-canonical alcohol metabolic pathway is triggered, where Cyp2e1 is the active enzyme oxidizing ethanol (Fig. [1](#Fig1){ref-type="fig"}a). For cells from ED 10.5 females, Cyp2e1 transcription is 13-fold higher than for male cells, and ethanol increased this difference to 32 fold, by selectively increasing the expression in females over males. Inhibiting Aldehyde Dehydrogenase by DSF alone resulted in an up-regulation of Cyp2e1 for both male and female cells, eliminating differences in expression of Cyp2e1. Exposing cells to both DSF and EtOH resulted in an increase of Cyp2e1 but no differences between the sexes, indicating that Cyp2e1 was responsive to both EtOH and DSF (Fig. [3](#Fig3){ref-type="fig"}c).

Since Cyp2e1 is known to generate radicals, we asked whether radical generation was enough to elicit sex differences in cell survival.

Pre-treatment with ROS scavenger, N-acetyl cysteine, reduces EtOH induced cell death {#Sec17}
------------------------------------------------------------------------------------

If females have more Cyp2e1, and are generally more sensitive to EtOH, differential generation of ROS can account for the difference in cell survival. We initially supplemented ED10.5 cells with a ROS scavenger, N-Acetyl Cysteine (NAC) and examined cell death. ED10.5 cells were exposed to ethanol and NAC alone or in combination. NAC exposure does not affect the basal levels of death caused by normal cell culture conditions. However, when cells are pretreated with NAC and then exposed to 400 μM EtOH for 24 h more female cells survived, eliminating the difference between the sexes (Fig. [4](#Fig4){ref-type="fig"}a), suggesting that ROS and sensitivity correlate, NAC however does not affect expression of Cyp2e1, ADH or ALDH (**Data not shown**). Fig. 4EtOH induces generation of ROS, which can be partially blocked by N-acetyl cysteine. Male cells, with higher glutathione concentrations, tolerate ROS more than female cells. **a** Cell death measured by trypan blue exclusion. Cells were exposed to 400 μM ethanol, N-Acetyl Cysteine or a combination. Female cells are more sensitive to ethanol, but not if the cells are co-treated with NAC. Asterisk (\*) represents *p* \< 0.05, standard deviations shown. **b** Total ROS generation was detected for all conditions. Data represent 6 replicates. ED10.5 male (blue bars) and female (red bars) were treated with EtOH for 24 h or NAC for 24 h individually, or with a 1 h pretreatment of NAC followed by co treatment with EtOH and NAC for another 24 h period. Average OD values, representing oxidized dye, are shown. ROS generation is sex independent in normal cell culture conditions, strongly induced by ethanol with females generating more ROS, and partially rescued, with loss of sex difference, by pre-treatment with NAC. Asterisks (\*) represent *p* \< 0.05, standard deviations are shown. **c** Total GSH concentrations were assessed. ED10.5 cells were treated with EtOH 400 μM for 24 h, or pre-treated with NAC for 1 h prior to EtOH treatment, followed by co-treatment with EtOH, or NAC alone for 24 h. GSH is higher in males under all conditions with substantial increases in EtOH-treated cells. Data represent percentage total GSH in cultures. Asterisks (\*) represent *p* \< 0.05, standard deviations shown

The failure of NAC to eliminate cell death suggests that EtOH kills by other means as well or that the half-life of NAC is less than that for EtOH. Importantly, modulating ROS scavenging alone eliminates sex differences, but without completely eliminating the toxicity of EtOH. We therefore asked whether this toxicity is mediated through ROS. We cannot eliminate the possibility that NAC acts by supplying thiol, thus modifying the configuration, cross-linking, or interaction of other proteins. However, the data are consistent with its function as an antioxidant.

ROS levels are sex dimorphic only after exposure to EtOH {#Sec18}
--------------------------------------------------------

The Total ROS/Superoxide Detection Kit (Enzo Technologies) reacts directly with a wide range of reactive species (i.e. hydrogen peroxide, peroxynitrite, and hydroxyl radicals) yielding a green fluorescent product, visible at (490~Ex~/525~Em~). Our results indicate that EtOH induces the generation of ROS.

Male and female cells have similar basal ROS, and in the presence of pyocyanin (positive control), there is a substantial increase of ROS signal in both sexes, validating the technique. Pre-treatment with NAC 1 h prior to pyocyanin treatment resulted in a substantial reduction but not depletion of ROS signal. NAC exposure alone resulted in a significant reduction of ROS in control cells, suggesting that basal conditions still result in ROS generation (**Data not shown**).

To evaluate whether EtOH alone would induce sexually dimorphic generation of ROS, we seeded ED10.5 cells into 96-well microplates pretreated some with NAC 1 h before adding EtOH and incubating further up to 24 h.

ROS generation is highest at 4 h post treatment. Female cells produce significantly more ROS than their male counterparts; and pretreatment with NAC reduced the ROS generated, significantly reducing but not totally eliminating the sex differences. Since ROS were not persistent, we evaluated ROS for EtOH-exposed cells at 12 and 24 h. At these times, ROS are reduced but nevertheless high. ROS are very unstable; we have no further explanation for the transience (Fig. [4](#Fig4){ref-type="fig"}b). Nevertheless, the substantial difference at 4 h correlates directly to the dimorphic lethality, measured at 24 h (Fig. [4](#Fig4){ref-type="fig"}a), suggesting that ROS ultimately kills the cells.

Endogenous ROS scavenging mechanisms are higher in males {#Sec19}
--------------------------------------------------------

Glutathione (GSH) is an endogenous scavenger of free radicals, quenching them by redox reactions. GSH is responsive to intracellular free radicals. GSH concentrations before and after generation of ROS can suggest where differences between the sexes exist.

Male and female ED10.5 cells were used to determine total GSH by assay for NADPH conversion, an indirect method of measuring total GSH. Under normal culture conditions, male cells had more total GSH, and EtOH increased GSH in both, while still maintaining the sex differences (Fig. [4](#Fig4){ref-type="fig"}c), with males having more total GSH. In all assessed conditions male cells have higher GSH (Fig. [4](#Fig4){ref-type="fig"}c), suggesting that male cells are better able to cope with EtOH induced stress perhaps by differential inactivation of ROS.

These data indicate that ethanol toxicity derives from generated ROS, with males being protected more by having higher GSH and less Cyp2e1. We thus turned to the possibility that methylation differences determine the amount of Cyp2e1 in both sexes.

Sex specific DNA methylation results in differential Cyp2e1 transcription and EtOH induced death {#Sec20}
------------------------------------------------------------------------------------------------

Blocking de novo DNA methylation effectively reduced differences in expression of several genes that showed sex dimorphisms, including Cyp2e1 \[[@CR2]\]. The DNA methyltransferase inhibitor 5-aza-2-deoxycytidine (5-Aza-dC) reduces the difference in the expression of Cyp2e1 (Fig. [5](#Fig5){ref-type="fig"}a); we therefore tested its effect on cell viability. We used ED10.5 cells exposed to 5-Aza-dC for 5 population doublings as described in Materials and Methods, followed by exposure to 400 μM EtOH for 24 h, and assessed cell viability. Fig. 55-Aza-dC reduces sex differences in expression of Cype2e1 and makes cell more sensitive to EtOH. **a** The inhibitor of methylation increases expression of Cyp2e1 while reducing the difference in expression of Cyp2e1 from M/F = 8 to M/F = 2. Samples were normalized at the RNA and cDNA levels for equal cDNA loading. Asterisks (\*) represent *p* \< 0.05; standard deviations shown. **b** Cell death measured by trypan blue exclusion. Blue bars, male; red bars, females. ED 10.5 cells were exposed to 400 μM ethanol, 5-Aza-dC or a combination. Female cells are more sensitive to EtOH; 5-Aza-dC is toxic but eliminates the sex difference. Asterisk (\*) represents *p* \< 0.05, standard deviation shown

Pre-treatment with 5-Aza-dC eliminates the difference in sensitivity to EtOH, with a greater increase in death among males. Reduced de novo DNA methylation effectively increased cell sensitivity, measured by cell death increasing from 30 to 59% in males and from 49 to 65% in females, in effect reducing previously reported sex differences in response to EtOH by increasing death in both sexes (Fig. [5](#Fig5){ref-type="fig"}b).

Discussion {#Sec21}
==========

Differences between male and female cells in sensitivity to EtOH persist whether or not endogenous sex hormones are present, as demonstrated in cell cultures from embryos prior to onset of sex hormone production \[[@CR1]\]. This difference correlates with a differential methylation of the regulatory CpG islands for cytochrome p450 genes \[[@CR2]\].

Here we investigate the biochemical mechanism of the dimorphism, using the metabolism of ethanol as a controllable stress. Of the two primary means of metabolizing ethanol (Fig. [1](#Fig1){ref-type="fig"}A), the non-canonical pathway (red) is a two-step process regulated by cyp4502e1, a member of the cytochrome P450 member family that metabolizes alcohol into acetaldehyde and then acetate. This non-canonical pathway occurs in microsomes, and therefore is triggered only at high (toxic) concentrations of EtOH; it generates free radicals, and therefore is not the most efficient mechanism.

Female cells are more sensitive to EtOH exposure (Fig. [4](#Fig4){ref-type="fig"}a), and this differential sensitivity correlates with the expression of Cyp2e1 (3C) as well as generation of ROS (Fig. [4](#Fig4){ref-type="fig"}b). The expressions of ADH and ALDH (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}a-b) do not correlate with the differential sensitivity observed (1B-D). An ADH inhibitor, DSF, renders cells, especially male cells, more sensitive to EtOH, suggesting that the non-canonical pathway compensates, resulting in more ROS and therefore more cell death (Fig. [1](#Fig1){ref-type="fig"}E). Terasaki et al. \[[@CR32]\], reviewing reports of fetal alcohol syndrome, found little suggestion of sex differences, particularly anatomical, but emphasized that these reports generally did not examine more subtle differences in function of various regions of the brain. Converse et al. \[[@CR33]\], on the other hand, found that giving moderate amounts of alcohol to pregnant Rhesus monkeys led to measurable sex-based differences in dopamine D1 receptors in the mature progeny.

Using NAC as a ROS scavenger allowed us to test whether it was possible ROS generated through cell stress to EtOH \[[@CR34]\]. Female cells first exposed to NAC had reduced sensitivity to ethanol (Fig. [4](#Fig4){ref-type="fig"}a); EtOH alone elicited an increase in ROS in both males and females, but higher in females. NAC was insufficient to eliminate the ROS generated by exposure of cells to EtOH, but did sufficiently reduce ROS to levels where we no longer observed differences between males and females (Fig. [4](#Fig4){ref-type="fig"}b).

Cyp2e1 affects metabolism of toxic-level alcohol, producing ROS as a byproduct. We therefore blocked de novo methylation of DNA, which we had previously documented to alter Cyp2e1 expression \[[@CR2]\]. Here we find that blocking DNA methylation eliminated sex differences in cellular sensitivity to EtOH, while having a greater impact in male cells. Sex differences may also be generated by miRNAs coded by the X chromosome that can affect the activity of genes located on other chromosomes \[[@CR35]\]. We also examined other estrogen response elements \[[@CR1]\]. Since methylation appears to be an important element here, we favor the argument of the importance of methylation, but other interactions have not been excluded.

These findings suggest that at basal levels, male and female ED10.5 cells have different levels of Cyp2e1, as well as glutathione. Female cells are significantly more susceptible to toxic concentrations of EtOH, resulting in higher ROS production and ultimately -more cell death. Inhibition of the canonical alcohol metabolizing pathway eliminates the sex differences, as a result of increased ROS production and increase in cell death in males. Scavenging ROS reduces cell sensitivity to EtOH. The results also suggest that much of the EtOH induced cell death derives from production of ROS, which can be modulated by scavenging ROS with NAC, or by modulating of Cyp2e1, the expression of which is impacted by DNA methylation (Fig. [6](#Fig6){ref-type="fig"}). It will be important to explore these options by exposing pregnant rodents to ethanol, or by more carefully collecting clinical data. Fig. 6Role of Cyp2e1 in sex differences of the ethanol degradation pathway. Female cells are more sensitive to cell death by ethanol. We propose that female cells express more Cyp2e1, owing to lesser methylation of CpG islands in the gene, while male cells maintain higher GSH and GSH responsiveness. These two differences allow greater generation of ROS, and hence higher susceptibility to EtOH. Relative importance of the differences are indicated by predominance of red (female) in three branches of the pathway and the predominance of blue (male) in the role of GSH

Conclusions {#Sec22}
===========

We conclude that alcohol induced death resulted from generation of reactive oxygen species (ROS), potentially from Cyp2e1 activity, and that differences in Cyp2e1 resulted in the sex differences observed in cell viability. We reviewed sex differences in the alcohol metabolism pathway when methylation of DNA was blocked. Alcohol dehydrogenase and aldehyde dehydrogenase are not sex dimorphic and while their expression can be modulated by alcohol, this modulation is not sex specific. Only Cyp2e1, performing a redundant role to that of alcohol dehydrogenase responded. Loss of differences in Cyp2e1, combined with exposure to alcohol, resulted in increased death in males, effectively eliminating differences between the sexes in cell viability.

These results are best explained as generation by Cyp2e1 of radicals at toxic alcohol concentrations. Under basal and ethanol induced conditions female cells express more Cyp2e1, potentially resulting in higher generation of ROS. ROS scavenger N-Acetyl-Cysteine (NAC) reduces ethanol induced death and the differences between the sexes. Finally, DSF (Disulfiram), which blocks ALDH, increases death in both sexes as well, possibly because the increased acetaldehyde can be metabolized by Cyp2e1. Death induced by ethanol is mediated by ROS generation, which can be partially prevented by NAC, the latter of which does not distinguish by sex.

We can characterize sex differences at the cellular level; differences observed in response to ethanol as a stimulant are likely due to differences in cytochrome p450 member 2e1; and the ROS generation mediated by Cyp2e1 is the potential proximate cause of the toxicity. Blocking DNA methylation alone reduces the observed differences in cell viability, gene expression and ROS generation induced by alcohol. This is the first instance where sex differences in alcohol metabolism are described at a molecular level and suggesting that DNA methylation is one of the initial mediators of this response.
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FBS

:   Fetal bovine serum

GSH

:   Glutathione
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PCR

:   Polymerase chain reaction
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:   Quantitative real time polymerase chain reaction

QTL
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SSA
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**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

We thank the Queens College Core Facility for Imaging, Molecular and Cellular Biology, for access to their facilities.

CGP, Senior graduate student, conducted most experiments, in charge of experiments; MC, Undergraduate, extracted and cultured cells, participated in PCR and antibody experiments; GG, Undergraduate, conducted experiments concerning ROS; SJ, animal experiments, and preparation and presentation of data, writing of paper; MJ, preparation of the paper, and training students; RAL, preparation of manuscript and graphics and training students; ZZ Head of lab, conceived project worked on and supervised every aspect of the project and manuscript. The author(s) read and approved the final manuscript.

This work was supported in part by funding from the NIH NIGMS (MARC-USTAR) grant T 34 GM070387 to ZZ.

All data and results not presented here are available upon request to corresponding author.

Not applicable: no human subjects.

All authors read and approved the final manuscript; no subjects required to consent.

All authors declare no competing interests.
